Background The objective of this systematic review and meta-analysis were to evaluate the effectiveness of high fluid intake for the prevention of incident and recurrent kidney stones, as well as its adherence and safety. Methods A literature search was performed encompassing 1980 through July 2014. Studies that reported relative risks, odds ratios, or hazard ratios comparing the risk of kidney stone events in patients with high vs inadequate fluid intake were included. Pooled risk ratios (RRs) and 95 % confidence intervals (CIs) were calculated using a random-effect, generic inverse variance method. Conclusion This analysis demonstrated a significantly reduced risk of incident kidney stones among individuals with high fluid consumption. High fluid consumption also reduced the risk of recurrent kidney stones. Furthermore, the magnitude of risk reduction was high. Although increased water intake appears to be safe, future studies on its safety in patients with high risk of volume overload or hyponatremia may be indicated.
Introduction
Kidney stones are a very common urologic problem. Their incidence is rising, with an estimated global prevalence of 10-15 % [1] [2] [3] [4] . In the United States, *13 % of men and 7 % of women will develop a kidney stone during their lifetime [1, 4] . In addition, once someone has a kidney stone, the likelihood of having another episode is about 50 % within 5 years [1] .
Increased fluid intake has been universally suggested as a simple and inexpensive strategy for kidney stone prevention [5] [6] [7] . Some studies specifically target water, while some include other beverages that contain largely free Electronic supplementary material The online version of this article (doi:10.1007/s40620-015-0210-4) contains supplementary material, which is available to authorized users.
water. In this paper we use the word fluid to encompass both. High fluid intake to increase urine flow rate can lower the supersaturation of calcium oxalate, calcium phosphate and uric acid, hence reducing the risk for kidney stone formation [6, 8] . Wang et al. [7] performed a comprehensive review of the potential salutary relationship of high water intake and kidney disease in general, and concluded that available studies support water therapy to prevent and reduce the recurrence of kidney stones. However, a recent and rigorous systematic review drew no firm conclusions regarding the benefit of water therapy for the primary or secondary prevention of stones [9] . Importantly, only a single RCT was used in the final analysis. Nevertheless, recently published guidelines by both the American Urological Association (AUA) and American College of Physicians (ACP) recommend sufficient water intake to achieve a urine volume at or above 2.0-2.5 L/day in order to prevent recurrent kidney stones [5, 6] . These recommendations were graded as weak due to low-quality evidence. In addition, the data regarding the protective effects of high water intake on incident and recurrent kidney stone episodes are conflicting. Two studies have suggested no significant reduction in kidney stone risk among individuals with high fluid consumption [10, 11] . Conversely, several studies have reported that sufficient fluid intake to achieve an adequate urine volume is an effective strategy to prevent kidney stones [12] [13] [14] [15] [16] [17] [18] [19] . Data regarding adherence and safety of high fluid intake treatment are also limited.
Thus the objectives of this systematic review and metaanalysis were to comprehensively accumulate all available data and pool the results in order to: (1) evaluate the evidence for and significance of any treatment effect of high fluid intake on the incidence of kidney stones, and (2) assess the adherence and safety of high fluid intake to prevent kidney stones.
Materials and methods

Search strategy
Two investigators (WC and SR) independently searched published studies and conference abstracts indexed in MED-LINE and EMBASE encompassing 1980 through 28 July 2014 using the search strategy described in supplementary item 1. A manual search for additional relevant studies using references from retrieved articles was also performed.
Inclusion criteria
The inclusion criteria were as follows: (1) randomized controlled trials (RCTs) or observational studies (casecontrol, cross-sectional or cohort studies) published as original studies or conference abstracts that evaluated the effects of high fluid intake and the risk of kidney stones in adults (age C18 years old), (2) studies that provided data to calculate odds ratios, relative risks, hazard ratios or standardized incidence ratios with 95 % confidence intervals (CIs), and (3) a reference group composed of subjects with low fluid intake.
Study eligibility was independently determined by the two investigators as noted previously. Differing decisions were resolved by mutual consensus. The quality of each study was evaluated by using the Jadad quality-assessment scale [20] for RCTs and the Newcastle-Ottawa quality assessment scale [21] for observational studies.
Data extraction
A standardized data collection form was used to extract the following information: last name of first author, title of article, study design, year of study, country of origin, year of publication, sample size, definition of high fluid intake, method used to diagnose kidney stone and recurrent stone events, adherence and withdrawal, mean duration of follow-up and adjusted effect estimate with 95 % CI.
Statistical analysis
Review Manager 5.2 software (The Cochrane Collaboration, Oxford, UK) was used for data analysis. Point estimates and standard errors were extracted from individual studies and were combined by the generic inverse variance method of DerSimonian and Laird [22] . Given the high likelihood of between study variances, a randomeffect model was used rather than a fixed-effect model. Statistical heterogeneity was assessed using Cochran's Q test. This statistic was complemented with the I 2 statistic, which quantifies the proportion of the total variation across studies that is due to heterogeneity rather than chance. An I 2 of 0-25 % represents insignificant heterogeneity, 26-50 % low heterogeneity, 51-75 % moderate heterogeneity and [75 % high heterogeneity [23] . The presence of publication bias was assessed by funnel plots of the logarithm of odds ratios vs their standard errors [24] .
Results
The search strategy yielded 2197 potentially relevant articles: 2040 were excluded based on the title and abstract indicating that they clearly did not fulfill inclusion criteria on the basis of article type, study design, population, or outcome of interest (Fig. 1) . The remaining 157 articles underwent full-length review, with 148 excluded because they were not RCTs or observational studies (n = 7), or did not report outcomes of interest (n = 141). Nine articles met our inclusion criteria [10] [11] [12] [13] [14] [15] [16] [17] , including two RCTs with 269 patients [10, 11] and 7 observational studies (six cohort studies [13] [14] [15] [16] [17] and one cross-sectional study [10] ). Thus a total of 273,685 individuals were included in this analysis regarding the risk of kidney stones in individuals with high fluid consumption. Tables 1 and  2 contain detailed characteristics and quality assessment of all RCTs and observational studies included, respectively.
Definition of high water/fluid intake
Of the nine studies, only one by Borghi and colleagues [12] specifically defined high fluid intake as water consumption. The other eight studies [10, 11, [13] [14] [15] [16] [17] specified only high fluid intake, but not the type. Out of the nine studies, four [11, 12, 15, 16] used 24-h urine volume as surrogate for daily water/fluid intake as described in Tables 1 and 2 .
The risk of kidney stones in individuals with high fluid intake
The pooled risk ratio (RR) of kidney stones in individuals with high fluid intake was 0.40 (95 % CI 0.20-0.79) in a meta-analysis of the two qualifying RCTs (Fig. 2) . There was no significant statistical heterogeneity (I 2 of 6 %). When a meta-analysis for observational studies was performed, high fluid intake was also associated with 
Sensitivity analysis
The benefit of high fluid intake for prevention of kidney stones remained significant in a sensitivity analysis that included only those studies that adjusted for potential confounders [10, 13, 14, 17, 25] with a pooled RR of 0.68 (95 % CI 0.61-0.76). No significant statistical heterogeneity was apparent between all qualified studies, with an I 2 of 5 % ( Supplementary Fig. 1 ). A sensitivity metaanalysis was also performed excluding two studies by Curhan et al. [13] [14] since participants in these two studies were likely duplicated in two other studies by Curhan et al. [25] and Taylor et al. [17] that were also included yielding a RR 0.59 (95 % CI 0.53-0.66); I 2 = 95 %. Another sensitivity meta-analysis was also performed excluding the observational study by Linder et al. [10] since it was the only study with a cross-sectional design. The result also remained significant suggesting a benefit of fluid intake [RR 0.57 (95 % CI 0.51-0.63); I 2 = 93 %]. Another sensitivity meta-analysis was performed for observational studies using high fluid intake (as opposed to strictly water), revealing a pooled RR for kidney stones of 0.49 [(95 % CI 0.34-0.71); I 2 = 92 %] in the high fluid group. The pooled RR of kidney stones among individuals with high fluid intake remained significant after excluding two studies by Curhan et al. [13, 14] that potentially duplicated participants in two other studies by Curhan et al. [25] and Taylor et al. [17] remained low at 0.59 [(95 % CI 0.53-0.66); I 2 = 95 %]. A sensitivity meta-analysis for observational studies excluding those two [15, 16] that used urine volume as a surrogate for high fluid intake also revealed a low RR for stones in the high fluid group of 0.68 (95 % CI 0.61-0.76). There was no significant heterogeneity with an I 2 of 5 %. Since only two RCT studies were available, on that used fluid and the other water, no further sensitivity analyses were performed to try to separate out the effects of water verus fluid in this group.
The effect of high fluid intake in individuals with recurrent kidney stones Two RCTs with 269 patients and two observational cohort studies with 289 individuals were included in the data analysis for the risk of kidney stones with high fluid consumption [10, 11, 14, 15] . In a meta-analysis of RCTs, high fluid intake was significantly associated with 
Evaluation for publication bias
Overall, assessment of publication bias was limited due to the small number of included studies. Funnel plots to evaluate publication bias of the RCTs and observational studies are summarized in supplementary Figs. 4-7 . The plots were slightly suggestive of a publication bias in favor of positive studies regarding the reduced risk of kidney stones and recurrent kidney stones. Table 2 continued Hosking et al. [16] Curhan et al. [13] Curhan et al. [14] Curhan et al. [25] Taylor et al. [17] Daudon et al. [15] Linder et al. [10] Stone types 
Adherence and withdrawal in individuals with high fluid intake
Two studies (RCTs) provided data on withdrawals with high fluid intake [11, 12] . One RCT reported similar dropout rates (9.5 %) in participants on high fluid intake vs no treatment [11] . The other RCT reported no withdrawals due to adverse events with high water intake [12] .
Discussion
This meta-analysis revealed a significant association between high fluid intake and a lower risk of incident kidney stones, with 0.40-fold (RCTs) and 0.59-fold (observational studies) decreased risk. High fluid intake provided the same benefit in men and women. In addition, high fluid intake reduced the risk of recurrent kidney stones (RR 0.40).
Overall withdrawal rates of individuals on high fluid intake therapy due to adverse events appeared to be low and not different from rates in controls not on fluid therapy. Increasing the amount of daily water consumption should protect against stone formation by increasing urine flow rate and volume, which in turn decreases urinary solute concentration and supersaturation [7] . However, although individual studies support the benefit of increased fluid consumption to prevent kidney stones, the magnitude of the effect and amount of water necessary is not readily apparent due to the heterogeneity of the available data.
Importantly, this meta-analysis confirmed the effectiveness of fluid therapy for primary and recurrent stone prevention. Although the type of fluid intake in most studies was not clearly defined [10, 11, [13] [14] [15] [16] [17] , both increased water intake [26] and increased general fluid intake [27] resulted in higher urine output. A number of studies [11, 12, 15] in this meta-analysis demonstrated that high fluid consumption to achieve a minimum urine volume of 2.0-2.5 L/day (as recommended by AUA and ACP guidelines [5, 6] ) significantly reduced the risk of incident and recurrent kidney stones. Since the difference between 24-h urine volume and actual fluid intake is approximately 0.9 L [28] , the available data analyzed here support that the minimal amount of fluid intake needed per day for stone prevention is about 2.9 L or more, depending on daily fluid loss.
A few studies have suggested that even small increases in fluid intake can decrease the risk of kidney stones [16, 18] . Strauss et al. [18] conducted a prospective cohort study that demonstrated even a small increase in urine volume of 320 mL/day significantly reduced recurrent kidney stone formation. Moreover, a study by Hosking et al. [16] also demonstrated that those who did not recur increased urine volume on average *0.5 L to a mean of 2.1 L, while those who did recur maintained a steady urine volume of *1.7 L. These findings support the concept of individualized methods to monitor and increase water intake to prevent kidney stone recurrence. Recently, a study by Sawyer et al. [29] demonstrated a strong relationship between body weight and urinary calcium excretion in stone formers. An individualized goal urine output was suggested using statistical modelling in order to achieve a minimum urinary calcium concentration. This individualized approach towards the amount of water intake needed to reduce stone risk makes intuitive sense. However, while awaiting its validation in future clinical studies, however, current evidence clearly supports increasing fluid intake in order to achieve a minimum urine volume of 2.0-2.5 L/day to prevent kidney stone recurrence. Although fluid drinking seems to be safe, compulsive water drinking of 10-15 L/day in psychogenic polydipsia can result in hyponatremia [30] . Moreover, symptomatic hyponatremia can also be caused by an acute 3-4 L of water load [31] . The present systematic review found that there are limited data on adherence and safety of high fluid intake. Two RCTs suggested no difference in complications or withdrawals in patients on high vs routine fluid intake. In addition, data on the safety of high water intake for kidney stone prevention in individuals with volumesensitive conditions such as heart failure, moderate-severe chronic kidney disease and cirrhosis are lacking. Future studies assessing the safety of high fluid intake in these populations to prevent kidney stones are warranted.
There are several limitations of the present analysis. First, the RCTs included in this meta-analysis were graded as low-quality evidence by the Jadad quality assessment scale [10, 11, 19] , as confirmed in the recent AUA and ACP guidelines [5, 6] . The quality of evidence in most of the observational studies included were, however, moderately high (as evaluated by Newcastle-Ottawa scale assessing the quality of selection, comparability and outcome of included studies) [21] . Moreover, the meta-analyses of RCTs and observational studies showed a quantitatively significant effect of high fluid intake on primary prevention and reduced risk of recurrence (both *0.5 fold). Second, several studies defined kidney stone events based on self-report, and this can be subject to error [14] . Third, the majority of kidney stones in all studies included were calcium-based; therefore, it is not known if the beneficial effect of high fluid intake can be generalized to other stone types. Fourth, most studies did not provide data on concurrent use of medications to prevent stones in either the high or low fluid intake groups [10, 12, [14] [15] [16] . However, two cohort studies [13, 17] did adjust for hydrochlorothiazide use in their final analysis (as shown in Table 2 ). The RCT by Sarica et al. [11] specifically did not use any stone preventing medications in either their high or low fluid intake groups. These three studies suggest a benefit for high fluid intake among incident [13, 17] and recurrent kidney stone formers prevention [11] , independent of medication use. Finally, there was statistical heterogeneity in the meta-analysis of observational studies regarding assessment of the risk of both incident and recurrent kidney stones. The potential sources of this heterogeneity included differences in diagnostic methodology of kidney stones, different means of defining stone occurrence and recurrence among the included studies, definitions of high fluid intake, fluid type, follow-up duration, and confounder-adjusted methods. The metaanalysis of RCTs, however, which minimized confounder effects, showed positive effects of high fluid intake on kidney stone prevention similar to those seen in the metaanalysis of observational studies.
In summary, this meta-analysis clearly demonstrated a statistically and quantitatively significant reduction in the risk of incident and recurrent kidney stones among individuals who increased fluid intake. This positive effect was apparent in both men and women, and in studies that specifically used water and those that used general fluids. Although evidence was largely limited to common calcium stones, these are the majority formed in the population. Thus this study provides strong evidence in support of the common recommendation to increase water intake in order to reduce stone risk.
